Photoreceptor cell (rods and cones) renewal is accompanied by intermittent shedding of the distal tips of the outer segment followed by their phagocytosis in the retinal pigment epithelial (RPE) cells. This renewal is essential for vision, and it is thought that it fosters survival of photoreceptors and of RPE cells. However, no specific survival messenger/mediators have as yet been identified. We show here that photoreceptor outer segment (POS) phagocytosis markedly attenuates oxidative stress-induced apoptosis in ARPE-19 cells in culture. This phenomenon does not seem to be a generalized outcome of phagocytosis because nonbiological (polystyrene microsphere) phagocytosis did not elicit protection. The free docosahexaenoic acid (DHA) pool size and neuroprotectin D1 (NPD1) content increased during POS phagocytosis but not during microspheres phagocytosis. We have also explored other lipid mediators [lipoxin A4 and 15(S)-and 12(S)-hydroxyeicosatetraenoic acids] under these conditions and found them unchanged upon POS phagocytosis. Moreover, oxidative stress challenge to RPE cells undergoing POS phagocytosis further increased DHA and NPD1 content. Under these conditions, NPD1 was found within the RPE cells as well as in the culture medium, suggesting autocrine and paracrine bioactivity. Furthermore, using deuterium-labeled DHA, we show that as the availability of free DHA increases during oxidative stress, NPD1 synthesis is augmented in ARPE-19 cells. Our data suggest a distinct signaling that promotes survival of photoreceptor and RPE cells by enhancing the synthesis of NPD1 during phagocytosis. Taken together, NPD1 may be a mediator that promotes homeostatic regulation of cell integrity during photoreceptor cell renewal. docosahexaenoic acid ͉ polystyrene microspheres ͉ retinal pigment epithelial cells ͉ survival ͉ omega-3 fatty acids
Photoreceptor cell (rods and cones) renewal is accompanied by intermittent shedding of the distal tips of the outer segment followed by their phagocytosis in the retinal pigment epithelial (RPE) cells. This renewal is essential for vision, and it is thought that it fosters survival of photoreceptors and of RPE cells. However, no specific survival messenger/mediators have as yet been identified. We show here that photoreceptor outer segment (POS) phagocytosis markedly attenuates oxidative stress-induced apoptosis in ARPE-19 cells in culture. This phenomenon does not seem to be a generalized outcome of phagocytosis because nonbiological (polystyrene microsphere) phagocytosis did not elicit protection. The free docosahexaenoic acid (DHA) pool size and neuroprotectin D1 (NPD1) content increased during POS phagocytosis but not during microspheres phagocytosis. We have also explored other lipid mediators [lipoxin A4 and 15(S)-and 12(S)-hydroxyeicosatetraenoic acids] under these conditions and found them unchanged upon POS phagocytosis. Moreover, oxidative stress challenge to RPE cells undergoing POS phagocytosis further increased DHA and NPD1 content. Under these conditions, NPD1 was found within the RPE cells as well as in the culture medium, suggesting autocrine and paracrine bioactivity. Furthermore, using deuterium-labeled DHA, we show that as the availability of free DHA increases during oxidative stress, NPD1 synthesis is augmented in ARPE-19 cells. Our data suggest a distinct signaling that promotes survival of photoreceptor and RPE cells by enhancing the synthesis of NPD1 during phagocytosis. Taken together, NPD1 may be a mediator that promotes homeostatic regulation of cell integrity during photoreceptor cell renewal.
docosahexaenoic acid ͉ polystyrene microspheres ͉ retinal pigment epithelial cells ͉ survival ͉ omega-3 fatty acids P hotoreceptor cells (rods and cones) are highly specialized and differentiated neurons with stacks of photosensitive disks that contain rhodopsin and other quantitatively minor proteins in their outer segments. There is a constant rebuilding of photoreceptor cells, mainly through the shedding of the outer segment tips, followed by their phagocytosis in the retinal pigment epithelial (RPE) cells. This renewal is daily and circadian in mammalians, and as a result of disk membrane biogenesis at the base of the outer segment, the photoreceptor outer segment length remains constant. During this process, proteins turn over and are continuously replaced (1, 2) . In contrast, docosahexaenoyl chains of disk membrane phospholipids are tenaciously retained during the outer segment renewal. Docosahexaenoic acid (DHA), after phagolysosomal digestion in the RPE cell, is recycled back through the interphotoreceptor matrix to the inner segment of photoreceptors for its reutilization in membrane biogenesis (3) (4) (5) .
DHA belongs to the essential omega-3 fatty acid family and therefore cannot be made de novo in the body. The photoreceptor cells, unlike most other cells of the body except brain and sperm cells, are highly enriched in DHA and tenaciously retain DHA even during very prolonged periods of omega-3 fatty acid deprivation. Studies in mice correlating photoreceptor and synapse biogenesis during the postnatal development demonstrate that dietary linolenic acid is actively elongated and desaturated in the liver before its distribution through the bloodstream to the retina and brain (6) . Several studies have shown that DHA is required for photoreceptor function and vision both in animals (7, 8) as well as in humans (9, 10) . Moreover, the essentiality of DHA has been documented for vision and brain maturation in premature babies and in newborns (8, 11) .
It is not clear how the supply of DHA from the liver is regulated. It has been hypothesized that a ''signal'' from the retina and/or brain to the liver may evoke DHA supply (6) . Under normal conditions, DHA is retained and protected from peroxidation. However, in experimental models of degenerations (12) , when lipid peroxidation occurs, perturbations of photoreceptor function, damage, and cell death take place. In several forms of retinitis pigmentosa (13) (14) (15) (16) (17) and in Usher syndrome (18) , a decrease of DHA content in blood has been reported. A possible implication of these studies is that decreased DHA supply to the retina may impair photoreceptor function by decreasing the availability of DHA to photoreceptors. However, the relationship between decreased DHA blood supply and disease initiation and progression remains to be ascertained. Moreover, specific structural roles for DHA in photoreceptor outer segments (POS) have been suggested, such as an elongation product of DHA that is found tightly bound to rhodopsin that may favor a membrane organization unlike the classical bilayer (19) . The functional significance and the pathological consequences (when peroxidation or shortage in DHA supply occurs) of this DHA elongation product have not been defined. Also, phospholipids containing DHA have been suggested to provide an appropriate environment for G proteincoupled events to take place in the POS (20) . In addition, several studies have suggested a neuroprotective role for DHA (20) (21) (22) (23) (24) (25) .
Although it has been known that POS phagocytosis in RPE cells is essential for photoreceptor cell function and survival, thus far no specific messengers/mediators of this process have been identified. We hypothesized that POS phagocytosis makes RPE cells less susceptible to oxidative stress-induced apoptosis by providing DHA for neuroprotectin D1 (NPD1) synthesis. NPD1 is derived from DHA and is a potent, stereospecific inhibitor of cytokine-induced proinflammatory gene induction and apoptosis (26) . Here, we show that feeding POS to ARPE-19 cells results in enhanced refractoriness to oxidative stressinduced apoptosis. This action is specific for POS because it was observed that the phagocytosis of polystyrene microspheres by ARPE-19 cells did not lead to a protective response against oxidative stress. Moreover, we show that POS, but not polystyrene microspheres, induces DHA release and NPD1 synthesis. Our findings reveal that POS phagocytosis through DHA supply and NPD1 synthesis represents a homeostatic regulatory process of RPE cell integrity.
Results and Discussion

POS and Polystyrene Microsphere Phagocytosis in ARPE-19 Cells.
ARPE-19 cells fed with either POS or polystyrene microspheres actively ingest these particles under the present experimental conditions ( Fig. 1 A-F) . Rhodopsin immunoreactivity from RPE cells incubated with POS shows internalization of these membranes in the proximity of the nuclei or below the nuclei when stacks of 50 confocal optical images were visualized ( Fig. 1 B and C; bottom of the cell culture monolayer is indicated by the white arrows). Similar images, demonstrating internalization, were obtained by analyzing cells incubated with FITC-labeled polystyrene microspheres ( Fig. 1 D-F) . The relative fluorescence abundance was much higher in ARPE-19 cells fed microspheres than POS even though 10 million particles of each were added to wells containing similar cell density (Fig. 1 ). The differences may be because incubations were for 16 h, a time at which rhodopsin degradation was ongoing, whereas microspheres are not degradable.
POS Phagocytosis Selectively Attenuates Oxidative Stress-Induced
Apoptosis. We found that ARPE-19 cells fed with bovine POS were more resistant to oxidative stress than cells that did not phagocytize rod outer segments ( Fig. 2 A and B) . Fig. 2 shows that neither POS nor microspheres alone trigger Hoechstpositive cells, and POS combined with oxidative stress markedly decreased oxidative stress-induced apoptosis, unlike microspheres.
Free DHA and NPD1 Synthesis During Phagocytosis in RPE Cells. The RPE cell recycles DHA from phagocytized disk membranes back to the inner segment of the photoreceptor cell through the interphotoreceptor matrix (2) (3) (4) (5) . A salient property of the retina and brain is their unusual ability to retain DHA tenaciously even during prolonged periods of omega-3 fatty acid deprivation (2, 22, 27) . The RPE cell, in addition, contributes to the DHA- enriching ability of the photoreceptor cells by taking up DHA from the bloodstream through the choriocapillaris (2). However, the bulk of DHA in the RPE cell is a component of photoreceptor disk membrane phospholipids that, after phagocytosis, is recycled as part of outer segment renewal. Because DHA is the initial precursor of NPD1 synthesis, we next measured the pool size of DHA (Fig. 3 ) and of NPD1 (Fig. 4 ) during phagocytosis and oxidative stress. Data shown in Fig. 3 indicate that significant levels of DHA accumulate in cells and medium 6 h after the onset of phagocytosis. Oxidative stress triggered further increases in free DHA at 6 and 16 h. Fig. 4 depicts a remarkable phagocytosis-dependent NPD1 synthesis, particularly in the presence of oxidative stress. Rod outer segment tips are the biologically relevant ligand for the RPE. When RPE cells undergoing POS phagocytosis were subjected to oxidative stress, in as early as 3 h, a 3-fold accumulation of NPD1 was observed compared with cells that were not fed POS. This increase in NPD1 was almost 6.8 times higher than RPE cells that phagocytized microspheres. This accumulation peaked after 6 h. In the incubation medium, accumulation of NPD1 also occurred at 6 h and increased at 16 h, which represented a 36.6-fold increase for the POS-treated cells after oxidative stress. Control cells showed only a 15-fold increase after oxidative stress. This enhanced synthesis of NPD1 after POS phagocytosis is concomitant with POS-induced attenuation of oxidative stress-mediated apoptosis (Fig. 2) . Although ARPE-19 cells also phagocytized the biologically inert polystyrene microspheres, NPD1 content was not affected in RPE cells or in the incubation medium (Fig. 4) . Moreover, although oxidative stress did stimulate NPD1 accumulation, it was also not affected by microsphere phagocytosis. These results correlate with the observed lack of cytoprotection by microspheres phagocytosis (Fig. 2) . In addition, POS-mediated RPE protection against oxidative stress, with concurrent NPD1 synthesis, takes place in primary human RPE cells at passage 3, prepared from NDRI-supplied human eyes (P.K.M., V.L.M., J.C.d.R.V., W.C.G., and N.G.B., unpublished work). Unlike nonspecific, nonbiological ligand microsphere phagocytosis, POS also has been reported to trigger early-response gene induction in the RPE (28), including cyclooxygenase 2 (29) and peroxisome proliferator-activated receptor ␥ expression (30) . Whether any of these events is related to the NPD1 survival signaling described here remains to be ascertained.
We simultaneously measured the free DHA pool size by tandem MS and found that it increases as a function of time of exposure to oxidative stress in ARPE-19 cells (Fig. 3) . Free DHA in cells showed a moderate increase after 6 h when cells were subjected only to POS phagocytosis (10.5-fold increase). Oxidative stress, however, strongly enhanced free DHA accumulation in a time-dependent fashion, peaking at 16 h. Interestingly, although the overall increase reached 10-fold, POS phagocytosis kept the DHA pool size at a constant 2.4-fold increased level, which implies that NPD1 synthesis reflects an event other than simply enhanced overall availability of free DHA upon phagocytosis. There is a correlation between increases in free DHA pool size and in NPD1 synthesis. POS phagocytosis stimulates NPD1 synthesis at 3-6 h in cells and accumulation in medium after 16 h (Fig. 4) , whereas free DHA increases earlier and keeps accumulating up to 16 h (Fig. 3) . These enhancements in DHA and NPD1 pool size are much larger when POS phagocytosis takes place on RPE cells exposed to oxidative stress. Interestingly, microsphere phagocytosis does not cause enhanced changes in DHA and NPD1. Thus, a very specific free DHA pool may be the precursor for NPD1. Arachidonic acid is also an active precursor of several bioactive lipids, including prostaglandins and lipoxygenase products, and they have been correlated with photoreceptor phagocytosis (31, 32) . Because arachidonic acid is released under the present experimental conditions (data not shown), it was therefore of interest to explore some of the arachidonic acid cascade members. We found that lipoxin A4 [supporting information (SI) Fig.  6 ], 12(S)-hydroxyeicosatetraenoic acid (HETE) (SI Fig. 7) , and 15(S)-HETE (SI Fig. 8 ) were unchanged during POS phagocytosis. These findings suggest that an unrecognized function of photoreceptor phagocytosis is to induce NPD1 synthesis and thereby elicit cytoprotection. The RPE is highly susceptible to oxidative stress because of the high oxygen consumption of the retina, active f lux of polyunsaturated fatty acid (DHA)-containing phospholipids, and exposure to light (2, 33) . Thus, NPD1 may be a major endogenous promoter of RPE cell survival during POS renewal. This approach allows us to follow DHA conversion specifically because the deuterium is on the methylene carbons 21 and 22, which are not metabolically altered. Also, the products are heavier (by a mass unit of 1) than the same nondeuterated molecule and can be detected by tandem MS. Fig. 5 and SI Fig.  9 illustrate aspects of the characterization of [ 2 H 5 ]NPD1 (negative molecular ion m/z 364.2) and of endogenous nondeuterated NPD1 (negative molecular ion m/z 359.2). These observations support the notion that as free DHA accumulates in the ARPE-19 cells during POS phagocytosis, it is a substrate for NPD1 synthesis. At the time of the initial identification of lipoxygenase products from DHA, mono-, di-, and trihydroxylated derivatives were identified (33) . Further studies are needed to determine whether other docosanoids may also be formed under these conditions.
Conclusions
We have demonstrated that POS phagocytosis selectively enhances the ability of ARPE-19 cells to withstand oxidative stress. Under these conditions, the free DHA pool size is up-regulated in concert with NPD1 increases. In addition, using deuteriumlabeled DHA we have ascertained that ARPE-19 cells use free DHA for NPD1 synthesis when exposed to oxidative stress. Remaining to be defined are the regulatory events triggered by POS phagocytosis, including signals that activate phospholipase A 2 , to cleave docosahexaenoic chains from phospholipids of the POS disk membranes. Several phospholipases A 2 are present in the RPE cells, and recently a low molecular weight phospholipase A 2 was suggested to be engaged in POS phagocytosis (34) . Another question is how the release of DHA is coupled to NPD1 synthesis through a 15-lipoxygenase enzyme (26) .
It has been suggested that shedding the tips of POS may reflect removal of older disks and/or the presence of oxidized phos- Fig. 4 . NPD1 changes as a function of time after POS phagocytosis or microspheres: effect of oxidative stress. NPD1 has been quantified in cells as well as in incubation media. Data analysis was as in Fig. 3 . NS, not statistically significant.
pholipids. In fact, oxidized phospholipids have been proposed as a signal for the initiation of phagocytosis by the RPE cell (35) . Studies indicate that oxidized POS promotes down-regulation of factor H in the RPE (36) . Factor H is an inhibitor of the alternative pathway of complement system activation and, as a result, has the property of limiting cell injury and inflammation (36, 37) . It has also been implicated as a major risk factor for age-related macular degeneration. Here, we demonstrate that outer segment phagocytosis elicits a specific cytoprotective response in the RPE involving the synthesis of the antiinflammatory and antiapoptotic survival mediator NPD1. This response may represent a homeostatic regulatory mechanism that, during outer segment renewal, promotes maintenance of cell integrity and function despite an environment prone to oxidative damage. Also, neurotrophins, particularly pigment epitheliumderived factor, are potent agonists of NPD1 formation and of its release through the apical RPE side (38) . Taken together, these findings suggest that the DHA-NPD1 signaling may participate in promoting cellular integrity, maintaining the function of photoreceptors and of the RPE, as well as participating in regulating differentiation and organizational patterning of photoreceptor cells and the RPE. The active secretion of NPD1 from RPE cells, reported here as well as upon the exposure to neurotrophins (38) , suggests autocrine and paracrine bioactivity of this lipid mediator. The breakdown of this homeostatic DHA-NPD1 regulation may be involved in the initiation and progression of retinal degenerative diseases. Lipidomic Analysis. Media and ARPE-19 cells were collected separately, and 5 l of internal standard (PGD2-d4, 0.01 g/l) was added to each sample immediately. The cells were extracted with 1 ml of methanol. Lipid extracts removed from plates and collected in test tubes were added to chloroform to yield a ratio of 2:1 chloroform/methanol. Medium was spun-down to separate cell debris, then 1 ml was collected in 9 ml of cold chloroform/ methanol (1:1). Protein precipitates were then separated by centrifugation at 1,000 ϫ g (30 min, 4°C). Lipids were extracted from cells and medium (26) . Eluates were concentrated on an N 2 stream evaporator and resuspended in 100 l of methanol before MS analysis. Samples were loaded to a liquid chromatographtandem mass spectrometer (LC-TSQ Quantum; Thermo Scientific Co., Waltham, MA) installed with a Pursuit 5-m C18 
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